ABSTRACT
Introduction
Uncontrolled primary and metastatic cancer continues to take a serious toll on Americans, with one in four deaths in the United States due to malignancy (562,340 deaths predicted in 2009) [1, 2] , and over 4 million people under care for cancer and its sequelae [3] . This significant cancer death rate, given the panoply of expensive molecularly targeted drugs designed to inhibit various cancer growth and development pathways, attests to the complexity and heterogeneity of malignant disease [4] [5] [6] [7] [8] . Established cancers rapidly develop resistance to the blockade of a single pathway or a limited set of pathways, and any singular targeting approach is unlikely to result in dramatic improvements for the majority of patients with advanced disease [9, 10] . Even when different combinations of systemic agents are used against solid tumors, the survival gains may be minimal and are often associated with increased side effects and significant financial burden [11, 12] .
The elucidation of the genetic diversity of different cancers has led to the creation of gene and protein databases together with maps of signaling proteins and pathways of increasing complexity [13, 14] . The routine discovery of new signaling proteins and pathways has allowed for the continuous development of targeted chemotherapeutic agents designed to block the communication activity within specific pathways. However, genetic instability inherent within cancer cells produces innate and acquired resistance to systemic therapies, including molecularly targeted agents. Enormous effort and expenditure has resulted in some meaningful therapeutic advances, but for the majority of solid tumor patients with metastatic disease, the outlook remains grim.
Complex Tumor Progression Pathways
An obstacle to the current approach of blocking a limited set of essentially linear pathways is the evolution of highly sophisticated communication networks comprised of a myriad of proteins encoded by aberrant and dysfunctionally expressed genes. The detailed human oncogene-signaling map generated by Cui et al. (Figure 1 ) exemplifies the complexity of the architecture and relationships between large numbers of proteins involved in tumor survival and progression [13] .
The Connections of a Single Protein
The complex interaction network of a single protein involved in metastasis, HEF 1 (Human Enhancer of Filimentation), further illustrates the redundancy and intricate connectivity typical of tumor survival mechanisms. The web of connections of this protein which is involved in cell attachment, motility, and oncogenic transformation can be viewed in Cytoscope [15] . 
Resistance Mechanisms to EGFR Inhibitors
The multiple links and interconnectivity of signaling proteins confers numerous parallel pathways and alternative routes by which tumors may maintain activities which further malignant development and spread in the face of modern combination therapy. An analysis of how networks of proteins confer resistance to epidermal growth factor receptor (EGFR) inhibitors has recently been published [16] . 
Resistance to Anti-Angiogenesis Drugs

Resistance to Tyrosine Kinase Inhibitors
Similarly to anti-angiogenic agents, tyrosine kinase inhibitors such as erlotinib and gefitinib have been introduced into the clinical setting, demonstrating modest results for most patients and an association with agent resistance. [20] Many tumors are innately resistant, and multiple mechanisms of acquired resistance occur: 1) secondary EGFR mutations; 2) amplification of MET, a tyrosine kinase receptor; 3) loss of IGF-binding proteins; and 4) activation of other alternative downstream signaling pathways and pathway switching [20] [21] [22] [23] . Selective pressure occurs for cells to acquire resistance through mutations in the kinase gene that reduce or prevent inhibitor drug binding [24] .
Inherent genetic instability within cancers also confers an added temporal dimension contributing to cell diversity. Even single tumors are typically heterogeneous and shifting in pathway activation states over time [25, 26] .
Malignant tumors may be intrinsically resistant to molecularly targeted agents or may rapidly acquire resistance via a variety of mechanisms, even when combination therapy is used. Survival improvement from signal blockade in patients with metastatic disease has been modest due in large part to the sheer number and redundancy of alternate tumor survival and growth pathways. New approaches that globally block protein signaling and other related tumor promoting processes need to be developed. However, such global approaches cannot be applied systemically, since overall cell growth would be inhibited, and thus such blocking drugs would not be compatible with life or would produce intolerable side effects.
Renal Cell Carcinoma as an Example of Resistance to Six Targeted Drugs
Renal cell carcinoma (RCC) is the seventh most common cancer in men and the ninth most common cancer in women, with over 209,000 newly diagnosed cases and over 102,000 deaths annually worldwide [27] . Though some RCCs are secondary to heritable genetic changes, the majority of RCC patients present with sporadic (non-inherited) tumors secondary to acquired defects in both VHL alleles, resulting in an abnormal von Hippel-Lindau protein. The altered protein leads to development of a vascular tumor with significant metastatic potential [27] . RCC is highly resistant to both chemotherapy and radiotherapy. Surgery may be curative in some patients, but many recur, and RCC is often locally advanced, metastatic, or even unresectable at the time of diagnosis. A small minority of patients develop a spontaneous immune response, the effect of which may be dramatic. To increase this favorable response, immunotherapy (mainly high dose bolus interleulin-2 [IL-2]) has been developed and approved by the U.S. Food and Drug Administration based on the potential for durable complete remission in approximately 10% of treated patients. High dose IL-2, however, is associated with severe toxicity and requires hospitalization and specialized care during administration [28] Recently, the therapy for nonoperable metastatic RCC has undergone a rapid evolution, and chemotherapeutics, radiotherapy, and toxic immunotherapy have largely yielded to a generation of molecularly targeted agents (listed in Table 1 ).
The pathway inhibitors listed in Table 1 inhibit tumor angiogenesis by blocking signaling pathways. As a whole, the action of blocking specific growth and development pathways is not confined to the malignancy, but also affects normal cells. Thus, a myriad of side effects, some of which overlap with those associated with chemotherapy and some of which are new, are associated with administration of these drugs ( Table 3) . A common current recommendation for initial therapy of systemic RCC is sunitinib monotherapy for "better risk" patients and temsirolimus for "poor risk" patients [29, 30] Sorafenib is advised as second-line therapy [31] . Bevacizumab, interferon (IFN), and newly approved everolimus are also options [32] . Response rates and survival are summarized in Table 2 .
The introduction of targeted agents has improved overall survival (OS) significantly when compared to older immunotherapy and chemotherapy. However, associated toxicity, including a significant incidence of severe adverse events, remains a concern with utilization of these drugs and has been shown to be additive in Table 1 . Targeted agents utilized in metastatic renal cell carcinoma. [32, 36] .
Resistance to targeted agents clearly occurs with all mono and combined therapy, as well as with sequenced therapy.
Combination Therapy
Side effects are very common with targeted agents, and studies employing combination therapy aimed at overcoming pathway redundancy and resistance have sometimes proven problematic. For example, the combination of suntinib and bevacizumab has been assessed in a phase 1 study; unfortunately, grade 3 -4 side effects were very common, and the combination proved to be too toxic [33] . Similarly, sunitinib and temsirolimus have been studied in combination, and the trial was terminated prematurely after two of the first three enrolled patients required hospitalization for severe toxicity [33] .
The combination of bevacizumb and everolimus has been evaluated in a phase 2 study. While overall RR was 21%, grade 3 -4 side effects occurred in 19% of patients (proteinuria 19%, fatigue 9%, stomatitis 8%) [33] . Median PFS was 9 months in naïve and 6 months in pretreated patients [33] . A number of other bevacizumab combinations have necessitated dose reductions in response to enhanced toxicities of the second agent, negating the potential beneficial effects of the combined therapy [37] .
Resistance to mTor Inhibition
The mTor related signaling and growth pathways involved with solid tumor development and progression are exceedingly complicated and are depicted in other maps [38] . Review of the KEGG (Kyoto Encyclopedia of Genes and Genomes) cancer pathway map example (Figure 2) illustrates that inhibition of mTOR potentially leaves 14 other redundant pathways intact, all preventing tumor cell apoptosis. Similarly, angiogenesis is sustained by pathways other than those blocked by kinase and VEGF inhibitors. Combination therapy intended to block more signaling pathways has proven in some studies to be toxic or improves outcomes marginally if at all relative to monotherapy. Treatment resistance typically develops within 12 months or less, and tumors tend to progress rapidly after therapy is terminated [39] . Exposing patients to the toxicity of two combined drugs versus sequential drug treatment in an attempt to overcome resistance is unlikely to be clinical practical [40] .
Depicted in Figure 3 are predicted resistance points to rapamycin analogues temsirolimus and everolimus [42] . Table 4 describes the mechanisms of mTOR inhibition resistance.
Prior to the introduction of targeted agents, median OS was only 10 to 13 months after progression on cytokine based therapy [44] . Patients with good prognostic factors who are younger and able to tolerate targeted agents may achieve almost a doubling of median OS. With six targeted pathway inhibitors in use, current strategies may be reaching the limit in terms of patient benefit. Compared to the older immunotherapies, which did produce complete disease clearance in a minority of patients (albeit with extreme toxicity), complete response is virtually never achieved with molecularly targeted agents [33, 45] . Trials of combination therapy using newer targeted agents have frequently been problematic due to additive toxicities, and thus sequencing of agents is recommended [40, 46] .
Is a plateau being reached regarding the clinical benefit that can be expected from development of new targeted agents that follow the paradigm of limited pathway blockade? Elucidation of the multiplicity of intercomnecting cancer growth and development pathways has aided understanding of the mechanisms behind compensatory tumor survival responses. The inhibition of VEGF and mTOR pathways triggers gene expression and upregulation of other proteins that enable tumor cellular and angiogenenic escape [27] . Development of further related agents may not lead to major improvements in survival ( Table 4 ). • mTOR inhibition produces upstream tyrosine kinase signaling and induces Akt activity [43] .
• mTOR inhibition leads to decreased and increased levels of various proteins and phosphorylation events resulting in acquired resistance [42] .
• Existing mutations allow for transport resulting in elimination of drug from cells [42] .
Conclusions
The advent of the molecularly targeted drug era has led to meaningful increases in survival for some specific cancer patients enrolled in clinical trials. However, many patients with advanced cancers do not fit the relatively narrow profile of enrolled clinical trial patients and experience worse outcomes when compared to published study results [49] . In addition, a higher incidence of serious toxicities associated with these agents has been demonstrated as larger numbers of patients are treated in post approval studies [50, 51] . Resistance will develop in the vast majority of patients with metastatic disease, and disease progression is still the rule. Furthermore, with new agents also come new classes of side effects, and some patients will not tolerate another sequential agent at the time of progression or the demonstration of intolerance to the first agent. Newer targeted agents that block the same or different pathways as other existing drugs are not likely to represent major advances in survival given the complexity and redundancy of the cancer pathway network. Truly novel treatments which accurately and globally block tumor development and growth pathways with minimal associated toxicity require additional focus and consideration, as this description represents the best hope for many cancer patients.
